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A DENSITOMETRIC ANALYSIS OF l laO FILM FLOWN ABOARD 
THE SPACE SHUTTLE TRANSPORTATION SYSTEM STS #3 
Since the  Uni ted States o f  America i s  moving in to  an age 
o f  reuseable space vehicles, b o t h  electronic a n d  photographic 
materials are a n  in tegra l  p a r t  o f  t he  record ing  techniques 
available to  man. The filii- as an  scienti f ical ly viable record ing  
technique in astronomy i s  well  documented. There  is a real need 
to  expose various types of  f i lm to  the  Shut t le  environment. 
Thus, the  purpose o f  this s tudy  is  to look a t  t h e  subt le  
densitometric changes o f  I t a 0  f i lm  tha t  were placed aboard the  
Space Shut t le  #3 .  (STS-3) (Slide A) .  
Since the  f i r s t  major use o f  Sky lab in 1974, scientists used 
over 400 rol ls o f  photographic f i lm in the  space environment to  
obtain sensitometric and densitometric data. The  present  
research team prepared 3 canisters o f  I t a 0  f i lm along w i th  
packets of color film from the  National Geographic Society, 
which were then placed on the Space Shut t le  #3. (STS-3) The  
ultimate goal was to  obta in  reasonably accurate data concerning 
the  background fogging effects on  I t a 0  f i lm as it relates to  the  
film's total  environmental experience. T h i s  includes : t h e  g round  
based packing, and loading of  the  f i lm  f rom Goddard Space 
F l igh t  Center to  Cape Kennedy, t he  effects o f  solar winds, 
humidity, and cosmic rays, t he  Van Allen Bel t  radiat ion 
exposure, var ious thermal effect, re -en t ry  and off- loading of 
the  fi lm during take off, and 8 day, 3 hour  15 minute o rb i ts .  
The development and analysis of t he  re tu rned  f i lm consti tutes 
the basis o f  t h i s  report.  The object o f  t h i s  experiment was to  
examine the  total densitometric change caused by a l l  of t he  
above factors. 
Slide (1)  The  Laboratory f o r  Solar Physics and Astronomy, 
Goddard Space F l ight  Center has been us ing  large quanti t ies o f  
I t a 0  fi lm in i t s  rocket  and Space Shut t le  F l ight .  Next year, 
during the  U l t ra  Violet Image Telescopic Experiment, t h e  U I T  is 
launching a payload which w i l l  be  us ing  70 mill imetre I t a 0  f i lm. 
Thus  it was a requiremeritof t he  laboratory to quant i ta t ive ly  
determine the  aging effects associated w i th  the  sensitometric 
images on the f i lm.  
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Slide ( 2 ) ,  Slide ( 3 )  IlaO fi lm f o r  th is  experiment was 
obtained from the  same roll o f  Kodak Film Mfg.  date 5-76-A5J. 
The fi lm was loaded into specially prepared aluminum anodized 
packages tha t  would fit aboard the  Space Shutt le's Getaway 
Special. Container. One roll o f  f i l m  was cut f r c  the  same stock 
and maintained as the  control. Tbe  contro l  filr:: was mi ln ta ined 
at  a temperature of 22 degrc's C a t  Goddard Space F l igh t  
Center.  A f t e r  the  mission, t three r 'Is of I t a0  f i lm  were 
ship.ped back to  the  Small Pay d Sectic if t l l c  Laboratory f o r  
Astronomy and Solar Physics. One fih .. Id :\e contro l  were 
developed as Set I, while the  o ther  I t a 0  sample fi lm was 
developed as Set II, Samples A artd 8 .  
Using MacBeth Densitometer, measurements were obtained 
from the  film every 2 centimeters, developing 3 columns of 
data. Slide (4)  Signif icant differences were found when samples 
were compared w i t h  t h e  control. Sample A and Sample B had a 
5.26% increase in density o r  fogging background, while the  f i lm  
developed shor t l y  after i t s  a r r i v a l  a t  Coddard Space F l igh t  
Center displayed a 3.8% increase in the  densi ty  o r  t he  fogg ing  
background. 
Slides (5,6,7) A n  analysis of t h e  data f o r  each sample fi lm 
aboard t h e  Space Shut t le  indicates var ia t ion in in tens i ty  w i th  
respect t o  the  fogging levels as a function of  posit ion on the  
film. There  is  a tendency of more random var ia t ion toward one 
end of t h e  film, but the  actual orientat ion io t h e  Space Shut t le  
i s  unknown. A possible theory i s  t ha t  t he  high energy  cosmic 
rays  had penetrated the  aluminum film car t r idges  aboard t h e  
Space Shut t le  causing certain secondary reactions tha t  produce 
variat ions toward one end o f  t h e  f i lm due to  the  wrapping 
procedure used in t h e  placement of t he  film in the  canister. 
Other  theories suggest thermal effects cause densi ty  variat ion, 
it is  known tha t  alominum containers tend to  innate ly  fog 
various UV films along w i t h  the  wrapping geometry of t he  fi lm 
within the  canister. 
DENSJTOMETRIC RESPONSE OF I t a 0  FILM FLOWN ON STS-7. 
Three canisters o f  35mm I t a 0  fi lm were f lown on STS-7 in 
a getaway special canister in cooperation w i th  NASA's Plasma 
Physics Branch and the  Naval Research's Solar Astronomy 
Branch. The resul ts  indicate a high degree of thermal aging 
while aboard and during the  space shut t le  mission. 
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The f u t u r e  requirements f o r  f i lm used aboard the  space lab 
and on the  U I T  (U l t ra  Violet Image Telescope) a re  flown while 
the  shut t le  i s  in low earthly o r b i t ,  Some u l t rav io le t  films n a y  
have t o  b e  exposed d i rec t l y  t o  t h e  par t i cu la r  vacuum of space 
a t  those alt i tudes, t hus  giving r ise  t o  concern of metallic 
outgasing o f  chemicals t h a t  ITID\' do permanent damage t o ' t h e  
film's emulsion. The  I t a 0  f i lm 3 used or the U I T  wil! no t  b e  
exposed d i rec t l y  t o  space, b. 'y b e  e ,.osed +o [ o n o ~ h ~ ~ i c  -_ 
f ields associated w i t h  a low 01 ... Ling space shu, _. I I I ~  major 
factor t ! iat  can cause fogging is.  thermal exposure during t h e  
shutt le's ext ra ter rest r ia l  orbi ts pre- and post-  launch thermal 
effects. 
EXPERIMENTAL SET UP 
Using a sensitometer, a continuous ro l l  o f  I t a 0  f i lm was 
exposed for ten  seconds, using a General Electr ic Lamp 328 at  
195 ma f 3 ma w i t h  a 10-18 hour cal ibrat ion burn in time. T h e  
f i lm was placed in th ree  35mm canisters and  sealed in a i r  a n d  
attached t o  t h e  getaway special canister conta in ing other  special 
u l t rav io le t  f i lms. The  f i l m  was loaded in the  canister 
approximately 22  days before t h e  launch. The  f i lm was f lown t o  
Cape Kennedy for installation aboard t h e  Space Shut t le  
Columbia. 
DISCUSSION 
Slide ( 8 )  Dur ing  the  loading pre- f l ight  launch, post - f l ight  
analysis indicates tha t  the  llaO film had been exposed t o  some 
t y p e  o f  thermal ag ing effects. The exact na tu re  of these effects 
a re  not  apparent as we examine the  temperature prof i les  f o r  
STS-7. But,  there  is a concern tha t  t h e  rapid increase in 
temperature from approximately - IPC to  a temperature o f  + 2 2 ' ~  
in a n  h o u r  an.d a h a l f  af ter  touchdown of the  shut t le  could 
explain the  exaggerated thermal and ag ing  effects. There  i s  
another real concern which i s  associated w i t h  the fact tha t  the  
shut t le  landed on the  West Coast, and the  automatic temperature 
cu t -o f f  control  was t u r n e d  o f f  approximately th ree  days before 
the shut t le  a r r i ved  a t  Cape Kennedy for the  unloading o f  the  
getaway special canister containing the  above mentioned fi lm. 
Analysis o f  te r res t r ia l  thermal and aging effects produce 
similar curves as observed in t h i s  experiment,, but, t h e  slopxS 
of the  ind iv idual  curves  tend to v a r y  .dramatical ly. In 
conclusion, there  were observed densitometric changes in 
comparing the  control  films and t h e  flight film, though both had 
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been developed a t  the same time a s  the  flight f i l m  received from 
STS-7. 
EXPERIMENTAL SET UP FOR ST$-8 
This research team was able to use one of the  canis ters- to  
place four rolls of I '  f i l m  on STS-8, one roll nF "ford G 5  
nuclear emulsion, anc -011 of a new bat:-k of Ilr le Naval 
Research Laboratory LIP was using a very E: ,!e ultra 
violet f i l m  to s tudy the effects of space on the  ultraviolet 
emulsions. The shut t le  orbit was low enough to expect some 
minimum cosmic ray damage to the  f i l m  a s  well a s  t racks on the  
nuclear emulsion f i lm.  Slide ( 9 )  The Getaway Special was 
aligned in the  bay of t he  shuttle with bay portals pointed to 
the  ear th  for cooling purposes a s  shown in the figure.  Slide 
( 8  1 
7 .  
1 <; ). 
The temperature profiles for STS-7 and STS-8 a r e  very  
similar, going from a temperature of approximately 23 
degrees Centigrade before launch to a temperature of 
approximately -22 degrees Centigrade during t h e  flight. This 
temperature differentiation is sufficient to cause unusual 
density increases in the  wedges. The  major 
differencesbetween STS-7 and STS-8 occurred because 
STS-7 had to land in California where the  automatic 
temperature control devices and  appropriate a i r  conditioning 
uni ts  for the  shut t le  cargo were not present .  Please note 
that  once the  shut t le  had landed, one can measure t h e  
dirunal temperature variations Slide ( 8 ) .  Terrestrial  
.experiments have shown that less dense wedges produce 
densitometric increases a s  the  temperature increases Slide 
( U )  over a number of days. T h e  diagram shows the  effect 
of the  first 3 s tep  wedges including the  aging effect of the 
background a t  32 degrees.  The  lowering of the  temperature 
decreases the  .slope of the family curves  for  each of the  
darker  Step wedges. Slide( l2 El4) (aging effects) shows the  
slope variation a t  21 degrees and a t  32 degrees over a 90 
day period. A most interesting effect occurs  a t  t he  darker  
pat terns .  They tend to drop in density,  while t h e  lighter 
pat terns  tend to increase in density.  Furthermore, t h e  llaO 
f i l m  seems to perform nonlinearly for temperature values 
above 67 o r  68 degrees .  Slide (13)  The  least dense s t ep  
wedges tend to show dramatic increases in density above 68 
degrees 'C while the  darker wedges show a reduction of 
temperature above 70 degrees. The  slopes of these f i l m s  is 
increased fu r the r  w h m  the ambient temperatures seem to 
increase. Slide ( 8 )  
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A b r i e f  examination o f  t h e  aging ef fects wi l l  assist us in 
understanding the observed effects o f  t h e  fi lm caused by t h e  
exDosure t o  t h e  space environment o f  t h e  shut t le .  Sl ide (14) We 
used a microdensitometer to contrast  and  compare t h e  te r res t r ia l  
film as well as the  shut t le  flight fi lm. Sl ide (15) Using t h i s  
technique we a re  able t o  calculate t h e  signal t o  P Y ~ : ? ~  ra t io  f o r  
flight as well as for  cont ro l  film. On board STS- : signal t o  
noise rat io  increased while the  contro l  f i lm d Jsed. The  
signal noise rat io  CQrnntIted f o r  STS-7 shows i l l a t  a t  h igher  
exposure the  signz noise rat io  i s  less than t h e  flight f i lm 
Slide ( 1 6 ) .  But at  lower exposures t h e  contro l  and  flight film 
seem t o  have larger  signal t o  noise rat io. Sl ide (17) Th is  
difference may be caused by addit ional thermal ac t i v i t y  w i th in  
the  canister as shown on Slide (17) and the lack o f  appropr ia te 
a i r  condi t ioning equipment at  the  Cal i fornia landing site, due t o  
bad weather a t  Cape Kennedy. 
SIGNALS TO NOISE OF AGING FILM 
Analysis of the  t h e  signals t o  noise ra t io  for  I t a 0  film aged 
8, 19, 21, 17, and 71 days indicate tha t  a cer ta in  amount o f  
ag ing reduces the  signals to noise rat io  ove r  the  shor t  term, 
but wi l l  increase the  signal to noise ra t io  over  the  long per iod 
o f  time Slide ( 1  8 ). 
A n  examination o f  t h e  interact ion o f  protons o f  va ry ing  
dosage and energies indicate tha t  t h e  v e r y  light wedges a re  
v e r y  sensit ive t o  p ro ton  interact ion w i th  the  eauls ion whi le t h e  
v e r y  d a r k  pat terns tend t o  be less sensi t ive t o  v e r y  high MEV 
protons. Sl ide (19) and Slide (20)  MEV V S .  dosage were 
obtained by us ing t h e  Harvard Un ivers i ty  Clyclotron. 
sl idc(~l8) Us ing  the  Harvard  Un ivers i ty  Cyclotron, we 
bombarded the I t a 0  fi lm wi th  alpha part icles, searching for 
paral lel interactions in the  space shut t le  due t o  cosmic rays  as 
from the  cyclotron. We bombarded the  I t a 0  film us ing  t h e  alpha 
part ic les there, at  47 MEV, 79 MEV, and  153 MEV f o r  the  6.8 
r a d  dasage, Therefore, we were hoping t o  see similar resul ts  
when we examined the  f i l m s  from t h e  shutt le.  
Slide (19) B u t  we did not .  The re  i s  a d i f ferent ia t ion 
during the  f ron t  p a r t  o f  the curve,  but t h e  toe and  t h e  
shoulders did not  seem to respond, as a resu l t  we did not  think 
tha t  there  was any, dramatic cosmic r a y  act iv i ty ;  L) Slide (2OA) 
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MICRODENSITOMETRIC ANALYSIS 
Comparing similar step wedges tha t  have been aged from 3 
to  71 days, one can immediately see an increase in granularity. 
Slide (21) and Slide (22) however th is  i s  no t  consis':*nt f o r -a l l  
step wedges as it i s  for , the middle wedges. The denser the  
wedges, t h e  more one obs- 1s t he  converse of  less 
granu lar i t y .  Slide (23) Furthermc 'e, as ag ing  occurs, granular 
def in i t ion between step wedges seems t o  decrease, while o ther  
step wedges under  densitometric ag ing w i l l  produce a heavier 
granularity ind icat ive o f  increased gra in  s t ruc tu re .  
MlCHODENSlTOMETRlC COMPARISON OF CONTROL VS. FLIGHT 
FILM 
Note t h a t  t h e  cont ro l  f i lm on  STS-8 f o r  step wedges 3 has 
la rger  g ra in  s t ruc tu re  than t h e  flight f i lm. Similarly on  STS-8 
s t r i p  4, a new batch  o f  I t a 0  f i lm  indicates a s l igh t  increase of  
g ranu lar i t y  toward t h e  darker  wedges. Slide (24) Conversely, 
the  least dense step wedge controls are heavier than the  traces 
for t he  flight film. Slide (25) Microdensitometric traces of step 
4 and s t r i p  4 tend to  i l lustrate v e r y  small changes. Final ly, 
traces from STS-8 again show greater  g ranu la r i t y  f o r  t h e  flight 
' f i lm than f o r  te r res t r ia l  controls. Slide (27 )  . 
A new apprpach t o  the  examinat'on o f  t h e  I t a 0  Film 
Emulsion is  t he  use o f  the Scanning Electron Microscope t o  
investigate surface gra ins and the i r  s t ruc tu re .  Va ry ing  the  
voltage o f  t h e  probe electrons, we a re  able to  examine g r a i n  
s t ruc tu re  under  t h e  surface o f  t he  emulsion a t  t h e  p roper  
accelerating voltage o f  t h e  electrons. A l l  t h e  IlaO f i lms were 
coated us ing gold palladium and standard spu t te r i ng  techniques. 
! Sl id&aUsing about 1,000 Magnification it became v e r y  
e v i d e r t  tha t  t he  energy of  t h e  electrons w i th in  t h e  scanning 
electron microscope s t r i k i ng  t h e  emulsion is  v e r y  c ruc ia l  in 
terms of t h e  viewing o f  the g r a i n  s t ruc tu re .  What we want t o  
do in the  fu tu re  is t o  look.af t h e  aged f i lm  and see exact ly  how 
these gra ins change. Slide 28 
We find t h a t  a working voltage fo r  SEM 1st SS 40 
somewhere between 2 kilovolts and 10 k i lovo l ts  is  suf f ic ient  t o  
produce clear images without f lar ing. Th is  flaring o f  t h e  image 
from the  SEM produces a 4-8% increase in t h e  total area o f  t he  
grain under  investigation from d i rec t  measurements o f  t h e  
microphotograph, 
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SIidd2qlJut as the  energy o f  t h e  electrons increasc:, one 
notices that  there  is  a flare effect, each g ra in  spreading ou t  
brightly. Then  you  beg in  to  see some o f  t h e  gra ins  beneath t h e  
surface o f  t he  emulsion. So, us ing  th i s  scanning electron 
technique, we can examine some o f  t h e  gi-ait-.s jus t  below the  
surface if the  charg ing  voltage is  p roper .  
see the  f l a r i ng  o f  each of the gra ins o f  the! I laO. 
Slides ( 3 3 , 3 4 ,  35, and 36AtB)One of t he  in te res t ing  th ings  
tha t  we attempted to  do was to  look a t  t 6 e  wedges tha t  we have 
had, and to  put them under t h e  electron microscope. T h e  
extreme lef t  represents t h e  least dense, and the  extreme right 
would represent the  most dense. O f  course, as t h e  dens i ty  
increases, t h e  size o f  these gra ins  seems t o  decrease. Us ing  
th is  technique, one can measure w i th  ease; and  ge t  some sor t  
of statistical handle o n  what is  happening there.  Slides (3) 
! 
Slide (31)  Here again is one a t  20 ki lovo!ts, and you  can 
c 
U s i n g energy  d i s pers i ve qua I i ta t  i v e  a na I y s i s  tech  n iq ues 
reveals a v e r y  la rge  s i lver  peak along w i t h  traces of copper 
sodium and s u l f u r  and argon peaks as shown in Slide (38) .  
These t race element peaks are associated w i t h  the  elements used 
in the  development process and o the r  materials in t h e  emulsion. 
RECIPROCITY -FAILURE OF I ta0  FILM 
Reciprocity Fai lure was examined for I l a 0  spectroscopic 
film. T h e  .failure was examined ove r  two ranges of time from 
one second to  th i r ty -one seconds and  one minute to  180 
minutes. The  var ia t ion t o  i l luminance was obtained by us ing  
thirty neutra l  densi ty fi l ters. A standard sensitometric device 
imprinted the  wedge pat tern o n  the  fit$ as exposure time was 
subjected to  ' variat ion. The ut i l izat ion o f  I t a 0  film i s  
recommended f o r  low illumination, p roduc ing  small rec ip roc i ty  
fai lure effects which is predicted by t h e  manufacturer.  O u r  
resul ts  indicate rec iproc i ty  fai lure occu r r i ng  for h ighe r  dens i ty  
patterns w i th in  the  f i r s t  minute. Mul t ip le  fai lure occurs  a t  13, 
30, 80, and 180 minutes. 
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MATERIALS AND METHODS 
Twenty-seven wedge pat terns were placed on I l a 0  
spectroscopic film, in total darkness, usinga. light sensitometer, 
w i t h  a 24 hour  burn in time f o r  the bulb. Each f i lm section was 
exposed t o  the  light sources f o r  a specific per iod o f  time. Time 
intervals were the  following: 1-30 seconds and 1-11, 15, 19, 
22.5,  25,  27, 30, 35, 40, 45, 58, 90, 125, and 180 minutes, 
respectively. 
rap id  f ixer,  hypo-clearing agent and photoflo solutions. T h e  
fol lowing development procedure was used fo r  each film section : 
In absolute darkness, and a water ba th  a t  a temperature of 20  
C + 1 .5  C , one section o f  f i lm  was placed in Kodak D-19 
developer and gent ly  agitated f o r  f ou r  minutes us ing  a specific 
soak and agi tat ing pattern.  It was washed in water for 30 
seconds, shaken, . then placed in Kodak r a p i d  f i x e r  solution, 
us ing the  exact same pattern o f  agi tat ion and soaking, and 
gent ly  agitated for f ou r  minutes. It was then removed, r insed 
in water fo r  3 0  seconds, washed in water for 30 seconds, 
placed in photoflo-flo solution ( 1  :200 di l t ion)  for one minute, 
then hung t o  dry. A f t e r  development, t he  optical densit ies of 
the wedge patterns were read u s i n g  a MacBeth Densitometer. 
The  fi lm was then developed us ing  Kodak. D-19 developer, 
INTRODUCTION 
With NASA's Ultraviolet Imaging Telescope, (U IT), the 
space telescope of  the consortium o f  universi t ies,  and o the r  
u l t rav io le t  experiments being conducted by t h e  Un ive rs i t y  of 
Wisconsin and others, it becomes an absolute necessity tha t  an 
in dep th  examination o f  t he  phenomena rec iproc i ty  fa i lure us ing  
the  pr imary photographic material - I t a 0  f i lm - b e  analyzed 
before ut i l izat ion o n  the space shut t le  o r  te r res t r ia l  
observatories. ' 
RESULTS 
A n  examination of t he  rec iproc i ty  fa i lure f o r  t he  1 to 30 
second exposure periods (i.e., a separate wedge pa t te rn  was 
exposed to  an amount of light from 1 to  30 seconds 
sequential ly) reveals that  for two separate batches o f  f i lm whose 
h i s to ry  of  use was dif ferent, t he re  is  some Reciproci ty Fai lure 
occu r r i ng  at  t h e  darker  wedge patterns.  Slides (39 ,40 ,41 ,42 ,  
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SUMMARY 
The resul ts o f  these studies !lave implications fot- t h e  
ut i l izat ion of  t he  l laO spectroscopic fi lm on the future shut t le  
and space lab missions. These responses to  standard photonic 
energy sources w i l l  have immediate appl icat ion fo r  the uneven 
responses of the  f i lm photographing a s tar  f ie ld  in a te r res t r ia l  
o r  ext ra ter rest r ia l  environment w i t h  associated d ig i ta l  imaging 
equipment . 
The author is indebted t o  G e r r y  Baker  and A I  Stober o f  
the Small Payloads Section o f  the Laboratory f o r  Solar Physcis 
and Astronomy for t h e i r  hou rs  o f  discussion and suppor t .  
Special thanks t o  Dr .  Dan K{inglesmith o f  t h e  In teract ive 
Astronomical Data Analysis Faci l i ty  also o f  t he  Coddard Space 
F l igh t  Center, Greenbelt, Maryland fo r  h is  pat ient  assistance 
during t h e  imaging processing of  these films. V e r y  special 
thanks t o  Kevin Peters, Sean Gunther,  Lisa Cunningham, and  
Deborah Wright for their careful  assistance during t h e  
development process. 
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and 43) .While 3n examination of the  very light pat terns  furtket- 
shows th>-'trcnd of reciprocity failure a t  the  30th and 31st 
seconds. It should be noted that the  very darkest  pat terns  
have a marked decrease in reciprocity failbre around the  30 
second interval, with other variations occurring at  10, 15, and 
19 seconds consistently with each variation of the  pat tern.  
Slides ( 4 4 ,  45, 46, 47,  and 48) 
A n  examination of Reciprocity Failure fot- the  time period 
of exposure from 1 to 3 hours shows five minimum points where 
reciprocity failure occurs. The  Reciprocity Failure minimum 
points occur a t  13 minutes, 2 0  minutes, 30 minutes, and 90 
minutes, with a less defined failure a t  280 minutes. The middle 
density wedges indicate the same reciprocity failure points 
occurring a t  the same time. The d a r k e s t '  wedges show 
remarkable stability for the first  10 minutes exposure,  bu t  
dramatic failures occur at 11 minutes, and 20 minutes. Very 
dramatic reductions occur at 30 minutes. 
CONCLUSION 
For exposure times of 30 to 31 seconds, darker  wedges 
experience failure more than light wedge pat terns .  This 
indicates that  the  lighter wedges a re  less sensitive to 
Reciprocity Failure a t  short exposure times. As t he  exposgre 
time increases, there  appears to be some migration of grains in 
the darker  wedges; especially the  last th ree  columns which gave 
an appearance that a double exposure had occurred.  There  is 
also an increased darkening o f  the  film with increased exposure 
times. Fogging of the  f i l m  is prevalent a t  30, 45, 58, 90, and 
180 minutes, again wi th  increased exposure times. An 
examination of ' t h e  reciprocity failure from 1 to 180 minutes 
completely demonstrates the following : ( a )  The Reciprocity 
Failure minimum points are a t  13 mi&tes, 20 minutes, 30 
minutes, and 90 a r e  a t  and  less defined failure occurs a t  1 1  
minutes. The light and middle density wedges showed this 
evidence. Darker wedges (b) show remarkable stability for  the  
first  10 minutes of exposure, but  reductions at  11 minutes, 2 0  
minutes, and dramatic reductions a t  30 minutes. 
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